1. Introduction {#sec1}
===============

Droplet collisions are encountered in both natural and industrial processes,^[@ref1]−[@ref4]^ for example, the formation of rain drops,^[@ref5]^ the operation of nuclear reactors,^[@ref6]^ and the process of spraying.^[@ref7]^ Experiments have been first conducted for head-on droplet collisions and four distinct regimes are identified: coalescence, bounce, coalescence followed by separation, and shattering.^[@ref8]^ Other investigations using experimental and numerical methods^[@ref9]−[@ref11]^ such as the level set, volume of fluid, and lattice Boltzmann method (LBM) provide a rich picture of droplet collision outcomes, but the details of the collision dynamics are difficult to obtain through experiments and continuum numerical methods, especially when the approaching droplets are within a distance comparable to the molecular mean-free path. In a recent study, we have employed molecular dynamics (MD) simulations to investigate head-on collisions of nanodroplets, which successfully reproduced the head-on collision and bounce-back regime for the first time by any numerical simulation. Such phenomena have only been observed in head-on collisions of microdroplets in experiments.^[@ref12]^ Previous numerical studies, including those by discrete, mesoscopic LBMs,^[@ref13]−[@ref18]^ failed to predict this regime because the interfacial region of thickness comparable to the molecular mean-free path was not resolved. When the impact Weber number is high, the shattering and the separation phenomena are observed in nanoscale and macroscale droplet collisions, respectively. In general, nanoscale droplets have shown some different behaviors from their macro-, meso-, or micro-counterparts in recent studies.^[@ref19],[@ref20]^ Currently, our understanding of high impact Weber number collisions is still very limited, and an effective model that can predict the spreading factor of droplet collisions is still missing at nanoscales. Our study successfully observed a new hole regime in nanoscale droplet collision at high impact number and proposed a model based on energy balance to estimate the spreading factor of the merged droplet.

In this paper, the methodology of MD is introduced in [Section [2](#sec2){ref-type="other"}](#sec2){ref-type="other"}. [Section [3.1](#sec3.1){ref-type="other"}](#sec3.1){ref-type="other"} introduces the hole regime discovered at high impact Weber numbers. [Section [3.2](#sec3.2){ref-type="other"}](#sec3.2){ref-type="other"} shows a model based on energy balance to predict the droplet maximum spreading factor. [Sections [3.3](#sec3.3){ref-type="other"}](#sec3.3){ref-type="other"} and [3.4](#sec3.4){ref-type="other"} discuss the influence of ambient pressure and impact Weber number. A new regime map of nanodroplet collisions is constructed in [Section [3.5](#sec3.5){ref-type="other"}](#sec3.5){ref-type="other"}. The conclusion of the research is discussed in [Section [4](#sec4){ref-type="other"}](#sec4){ref-type="other"}.

2. MD Simulations {#sec2}
=================

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} illustrates the initial setup of the simulation system with two nanodroplets submerged in the nitrogen ambient. The simulation box is a 2000 Å × 1000 Å × 1000 Å block with the origin of coordinates at the left bottom back corner. The two identical droplets with a diameter of 10.9 nm were initially placed along the *x* direction at the central part of the box with *x* coordinates being 500 and 1500 Å, respectively ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The whole simulation system in vacuum comprises 108 108 atoms in total. The *NVT* ensemble was selected with a Nose--Hoover thermostat at 300 K with an initial Gaussian velocity distribution.

![Initial setup of the simulation system. Two nanodroplets with a diameter of 10.9 nm (107 572 water molecules) are submerged in nitrogen-ambient gas and approach each other along the *x* direction.](la8b04277_0001){#fig1}

The TIP3P water model^[@ref21]−[@ref23]^ with a bond length *r*~OH~ = 0.9572 Å and a bond angle θ~HOH~ = 104.52° has been adopted for water molecules because it offers a sufficient description of intermolecular forces in water in MD simulations. The TIP3P water model specifies a three-site rigid water molecule with charges and Lennard-Jones parameters assigned to each of the three atoms. Nitrogen molecules were treated as Lennard-Jones particles. The intermolecular interactions between water and nitrogen include both Coulombic and Lennard-Jones (L-J) 12--6 potentials,^[@ref24]−[@ref26]^ as shown in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.In [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, *r* is the distance between any two atoms, and σ and ε represent the zero energy separation distance and the minimum energy, respectively. The subscripts *i* and *j* are the atom indexes. The Lorentz--Berthelot mixing rule was employed for calculating the potential parameters between water and nitrogen molecules. L-J parameters used in this research are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Periodic boundary conditions were applied to all three directions and a cutoff distance of 16 Å was adopted.

###### Values of Potential Parameters for the TIP3P Water Model

  atom   σ (Å)   ε (kcal/mol)
  ------ ------- --------------
  O--O   0.102   3.188
  H--H   0.000   0.000
  N--N   0.072   3.320
  O--N   0.086   3.254
  H--N   0.000   0.000

Equilibration simulations of droplets and ambient gases were conducted before the droplet collision simulations. For droplets, the equilibration procedure was undertaken in vacuum at a temperature of 300 K for about 2 ns and then the canonical ensemble (*NVT*) was employed. After equilibrium, a single droplet can be generated by removing all the vaporized molecules around. The second droplet was obtained by duplicating the first one. Meanwhile, ambient nitrogen molecules were also equilibrated at 300 K in a parallel equilibrium simulation.

After equilibrium, the two droplets were first placed in the required positions and then equilibrated ambient gas molecules were added to fill the remaining space of the box. A further simulation was conducted for 2 ns to equilibrate the final system consisting of both droplets in the ambient gas. In the droplet collision simulations, each droplet was assigned the same impact speed along the *x* direction. A time step of 1 fs was assigned, and the dynamic trajectories and thermos data were recorded every 1 ps. The droplet density, surface tension, and viscosity are ρ = 0.997 g/cm^3^, υ = 0.851 Pa·s, and γ = 66 mN/m, respectively.

All the MD simulations are performed using the LAMMPS platform^[@ref27]^ on ARCHER, the UK national supercomputing service. Visual MD^[@ref28]^ and OVITO^[@ref29]^ are used to display simulation results and the system configurations.

3. Results and Discussion {#sec3}
=========================

3.1. Hole Regime {#sec3.1}
----------------

Weber number is an important dimensionless number in droplet collision, which is defined aswhere *R* is the radius of droplet, ρ is the density, *U* is the impact speed, and σ is the surface tension. Weber number measures the relative importance of droplet's inertia compared to its surface tension. Droplet collisions were first simulated in vacuum with the impact Weber number varying in a broad range from 6.7 to 540 (*Re* = 2.6--23.2). By systematically varying the impact Weber number, the collision outcomes can be classified into different regimes. At a low impact Weber number (\<265), the collision outcome is consistent with previous studies,^[@ref31]^ that is, a coalescence regime: the two droplets experienced very small deformation as they approached each other before eventually coalescing into a larger droplet ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b04277/suppl_file/la8b04277_si_001.pdf)). However, as the impact Weber number increased, interesting phenomena emerged ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). When the impact Weber number reached 265, the two droplets first merged into a large droplet and gradually expanded to a planar disk. The maximum spreading factor β~max~ is defined as β~max~ = *D*~max~/*D*~0~, where *D*~max~ is the maximum spreading diameter and *D*~0~ is the initial diameter. After 0.13 ns, when the maximum spreading factor reached 2.66, two holes close to each other appeared that lasted about 0.03 ns. The two holes first increased in size, then merged into a larger hole with a maximum diameter of 3.2 nm, and finally decreased until the hole was completely submerged in the merged droplet. Similar phenomena were observed at the impact Weber number of 281 and 299, albeit with one larger hole. When the impact Weber number reached 315, the maximum spreading factor was 2.91 at this point. After 0.108 ns, eight tiny holes with diameters ranging from 1.3 to 4.3 nm appeared randomly on the disk. Another 0.144 ns later, these holes gathered together and merged into a larger hole with a diameter of 10.3 nm in the vicinity of the merged droplet center. Then, the holes extended to the peripheral region until a ringlike structure was formed. Finally, the hole contracted and disappeared, as the large droplet reached its stable state because of surface tension. When the impact Weber number was further increased to 540, the maximum spreading factor is 3.43. More and bigger holes appeared throughout the merged droplet. A "spider web"-like structure was formed. The surface tension was not enough to pull the structure together, and consequently, the spider web disintegrated into "spaghetti"-like structures. At the final stage, the spaghetti-like structures broke up into small satellite droplets. This breaking process coincides with the shattering regime.^[@ref32]^ The above dynamic processes with the formation of single and multiple holes have not been observed in droplet collisions before. The existence of initial holes was previously observed in droplet impingement on substrates and attributed to air entrapment in surface crevices.^[@ref33]^ This explanation, however, would not hold true for our simulations, as holes can still be observed even when the collision occurred in vacuum.

![Transition from coalescence regime to hole regime and shattering regime.](la8b04277_0002){#fig2}

To further clarify the mechanisms behind the different regimes of droplet collision dynamics, we also investigate the droplet collisions in an ambient gas with different pressures. An ambient of nitrogen gas consisting of 85 890 and 343 560 nitrogen molecules provided a pressure of 2.7 and 8 atm, respectively. The hole regime is observed in *p* = 2.7 atm as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The threshold impact Weber number for this regime at 2.7 and 8 atm is larger than in vacuum. Detailed analysis will be conducted in the following section.

![Series of images of representative droplet collisions at different ambient pressures at *We* = 326 and 540. (a) *We* = 326 and (b) *We* = 540.](la8b04277_0003){#fig3}

3.2. Spreading Factor {#sec3.2}
---------------------

From the above findings, the spreading factor is an important parameter in predicting the droplet collision outcomes, especially for the hole and shattering regimes.^[@ref34]^ Previous studies on the spreading factor mainly focused on macrodroplets impacting on substrates. There have been few if any studies on predicting the spreading factor of droplet collisions, especially nanodroplets. In this section, we will propose a model for predicting the maximum spreading factor for nanodroplet collisions. First, we can write the energy balance equation for the initial and the maximum spreading states as followswhere *E*~k~ and *E*~p~ represent the kinetic and gravitational potential energy, respectively, and *W* represents the viscous dissipation. In our MD simulations, gravity is negligible because it is too small compared with other forces. The initial kinetic energy *E*~k1~ is and the initial surface energy is 2π*D*~0~^2^σ. From previous nanodroplet impinging studies,^[@ref32]^ the viscous dissipation from the initial state to a maximum spreading state has been evaluated aswhere μ is the kinematic viscosity coefficient, *v*~imp~ is the impact velocity, *D*~0~ is the droplet diameter, and β is the maximum spreading factor. The estimation of viscous dissipation takes nanoscale flow properties into consideration. First, the velocity gradient exists in the entire droplet instead of just in the boundary layer. Second, the height of the droplet during spreading should not be replaced by the value at the maximum spreading state simply. Assuming cylindrical shape for the disklike spreading droplet, at the maximum spreading state, the surface area is

Combining all the above equations, we can obtain the maximum spreading factor as a function of *Re* and *We*

With the impact Weber number ranging from 6.7 to 375, the present model predictions and obtained MD simulation results are compared with those of other macrodroplet collision models, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. From the comparison between different results, the macrodroplet predictions either overestimate or underestimate the droplet collision dynamic behavior while the present new model shows a more accurate prediction because of the more accurate viscous dissipation estimation. The model developed by Sander et al. can only be applied to larger Weber numbers.^[@ref30]^ In Sander's assumption, half of the initial kinetic energy is transformed into surface energy. In nanoscale, this assumption underestimates the viscous dissipation and therefore massively overestimates the maximum spreading factor. In Pan's macrodroplet model, the velocity gradient only exited in the boundary layer which is the cross section of the disk, while in nanoscale, the boundary layer does not exist in the velocity field because the length scale from the center to the edge of the disk is very small. Our new model is very accurate up to an impact Weber number of 250. When the hole regime starts (at the impact Weber number larger than 265), our model slightly underestimates the spreading factor. It might be related to the overestimate of the surface energy and viscous dissipation. When holes appear, the surface energy at the maximum spreading state is lower than the complete disk without holes. To better describe the spreading dynamics in the hole formation regime, the viscous dissipation and surface energy in the spreading process need to be reevaluated. In the shattering regime (for impact Weber number larger than 540), the concept of the spreading factor is no longer valid because the droplet tends to break up into fragments.

![Comparison among spreading factors predicted by different models and MD simulation results.](la8b04277_0004){#fig4}

3.3. Influence of Ambient Pressure {#sec3.3}
----------------------------------

As shown in [Section [3.1](#sec3.1){ref-type="other"}](#sec3.1){ref-type="other"}, single or multiple holes appear when two droplets collide in vacuum, which is an extreme case of decreasing ambient pressure. To investigate the ambient pressure effects, we have also simulated the binary collisions with different ambient pressures. A total of 85 890 and 343 560 nitrogen molecules were introduced to create an ambient pressure of 2.7 and 8 atm, respectively. The spreading factor at different Weber number and pressure is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. At the same Weber number in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the black line representing the spreading factors in vacuum is always larger compared to the other two lines at 2.7 and 8 atm. At 2.7 atm, when the impact Weber number reached 282, the two droplets finally merged into a larger droplet after expanding to a planar disk, without any appearance of holes during the whole process. However, when the impact Weber number continuously rose to 530 and the spreading factor reached 2.90, similar holes as seen in collisions in vacuum began to appear, but no shattering regime was observed. When the impact Weber number rose to 667 and the spreading factor reached 3.63, more holes appeared and then the shattering phenomenon occurred. Here, the ambient gas acts as a "cushion", which resists droplet deformation including hole formation and shattering. The "cushion effect" was first proposed in our previous paper,^[@ref34]^ where the ambient gas acted like a cushion to prevent the droplets approaching each other. In this study, the "cushion effect" of the ambient gas also acts to resist droplet deformation. From the atomic perspective, a higher ambient pressure contributes to a more compact layout of molecules and shorter intermolecule distances and thus stronger interatomic or intermolecular interactions. Consequently, droplets would find it more difficult to be deformed and the maximum spreading factor of the coalesced droplet decreases. The appearance of the hole and shattering regimes requires a threshold maximum spreading factor of around 2.66 and 3.64, respectively. Therefore, the threshold impact Weber number for the hole and shattering regimes at 2.7 atm is larger than in vacuum. The maximum spreading state under the above conditions is shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b04277/suppl_file/la8b04277_si_001.pdf).

![Comparison among different spreading factors under different ambient gas pressure.](la8b04277_0005){#fig5}

3.4. Impact of Weber Number {#sec3.4}
---------------------------

For all the low impact Weber number collisions in different environments, the coalescence regime appears. The two droplets approach each other and merge into a larger droplet, which is consistent with previous experimental and computational studies.^[@ref35]^ From our proposed model, the maximum spreading factor increases with increasing impact Weber number. As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, the thickness of the spreading disklike droplet becomes smaller and smaller until it becomes a thin liquid film, especially in the droplet center. When the maximum spreading factor is beyond a threshold value (2.66), the liquid film becomes unstable and rupture, leading to hole formation. Surface tension, however, tends to pull back any deformation including the formation of holes. Provided that the impact Weber number is not too high, surface tension would eventually "repair" the hole(s), leading to a merged larger droplet. When the impact Weber number further increases beyond a second critical value, the shattering regime appears, when surface tension is too weak to hold the droplet together. It is worth noting that the ambient pressure also tends to resist droplet deformation. As a result, the critical impact Weber numbers for the onset of hole formation and shattering are delayed by increasing ambient pressure.

![Front view and side view of the disklike spreading droplet around the maximum spreading state. The width of the disk is shown in the figure.](la8b04277_0006){#fig6}

![Nanoscale and macroscale droplet collision regime maps under different pressures. (a) Nanoscale droplet collision regime map. (b) Macroscale droplet collision regime map.](la8b04277_0007){#fig7}

3.5. Nanodroplet Collision Regimes {#sec3.5}
----------------------------------

Our study extends the current nanodroplet collision regime map, which is different from their macro- or microcounterparts.^[@ref36],[@ref37]^ The new hole regime should be added to the nanoscale droplet collision regime map, which includes coalescence, bounce, coalescence, and separation; hole formation; and shattering regime ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The bounce regime is absent from both nano- and macrodroplets when collision occurs in vacuum, which validates previous nanodroplet collision studies.^[@ref38]^ In macroscale collision, the droplet collision regime map includes coalescence, bounce, coalescence, separation, and shattering regime.^[@ref9]^ As a result, the separation regime existing in macroscale collision is absent in nanoscale collision while the hole regime existing in nanoscale collision is absent in macroscale collision. Compared to macroscale droplet collision, the bounce regime occurs in a very narrow Weber number range and there is no bounce---coalescence---bounce transition. Additionally, the similarities between nanodroplet collision and impingement require more analysis. Because of the "cushion effect" of the ambient gas, the threshold impact Weber number for different regimes increases with increasing pressure at both nano- and macroscales. Our simulation results are quantitatively validated in nanoscale and qualitatively validated in macroscale droplet collisions.

4. Conclusions {#sec4}
==============

In summary, using MD simulation, we found a new phenomenon called the hole regime in the head-on collision of binary nanodroplets. In vacuum, when the impact Weber number reached 265 and the maximum spreading factor reached 2.66, holes were formed in the planar disk in seemingly random locations before they finally coalesced. As the impact Weber number rose, holes were less likely to vanish once formed, and the collisions were more likely not shift to the shattering regime. The hole regime is attributed to the instability of the thin liquid film, and the liquid film instability increases with increasing maximum spreading factor (and consequently thinner film). The presence of ambient gas served as a cushion which was able to delay or suppress the hole formation as well as the shattering occurrence. The cushion effect increased with increasing ambient pressure. The cushion effect can be attributed to the interactions between water molecules and nitrogen molecules. Additionally, we proposed a model based on energy balance to estimate the spreading factor of the merged droplet. This model predicted the droplet dynamics behavior much better than previous models. These results show that collision outcomes are a function of the ambient pressure and impact Weber number. As a result, a new and complete regime map of head-on collisions of nanodroplets is constructed, which is contrasted with the regime map for macrodroplet collisions.
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